myofibroblast differentiation and wound contraction appeared to be advanced by 2-3 days. Recruitment of both neutrophils and macrophages was markedly reduced within treated wounds, concomitant with reduced leukocyte infiltration. In turn, mRNA levels of CC chemokine ligand 2 and TNF-␣ were reduced in the treated wound. These data suggest that, by reducing Cx43 protein with Cx43-specific antisense oligodeoxynucleotides at wound sites early in the skin healing process repair is enhanced, at least in part, by accelerating cell migration and proliferation, and by attenuating inflammation and the additional damage it can cause. Journal of Cell Science 5194 the wound and lay down collagen matrix. We observed a decrease in neutrophil infiltration and a concomitant reduction in CC chemokine ligand 2 (Ccl2) and cytokine tumor necrosis factor ␣ (TNF-␣) mRNA. Subsequently, we saw a reduced recruitment of macrophages perhaps as a consequence of damping down of the initial inflammatory response, which is known to have downstream effects on the ensuing healing process. Together these modified responses resulted in significantly improved wound healing.
Introduction
Skin wounds repair by a combination of re-epithelializing action, connective tissue contraction and an angiogenic response which leads to a dense network of blood vessels in the wound granulation tissue (Grose and Werner, 2004; Martin, 1997) . A robust inflammatory response commences soon after any tissue damage. This both protects the wound from microbial infection and produces bioactive substances that act at the wound site. A variety of inflammatory cells migrate into the wound fulfilling several different functions. Neutrophils are the earliest leukocytes to be recruited to the wound and their main role is to defend the host from invasion by microbes, which they do by releasing toxic free oxygen radicals and secreting proinflammatory cytokines. Subsequently, macrophages clear away spent neutrophils and other cell and extracellular matrix debris at the wound site. Macrophages are the major producers of cytokines, chemokines and growth factors that direct subsequent cell and tissue migration. Although many of the signals regulating the inflammation and tissue repair process are clearly diffusible and operate over long distances, local cell-cell communication via cell adhesion molecules and cell-cell junctions appears also to play a significant role.
One junctional link between cells that may play a significant regulatory role is the gap junction, a hexameric channel formed of proteins from the connexin family. Expressed by almost all cells in the body (Wei et al., 2004) , they have been shown to mediate changes in cell migration (Huang et al., 1998; Bannerman et al., 2000; Kwak et al., 2001; Li et al., 2002) , proliferation (Becker and Mobbs, 1999; Lucke et al., 1999) , inflammation (Oviedo-Orta et al., 2000; Oviedo-Orta et al., 2001 ) and contraction (Bowman et al., 1998; Ehrlich and Rittenberg, 2000) .
The level of connexin43 (Cx43) protein at the epidermal wound edge naturally decreases over 24-48 hours (Goliger and Paul, 1995; Coutinho et al., 2003) . We have recently reported that actively downregulating Cx43 protein levels by application of antisense oligodeoxynucleotides (asODN) to skin wound and burn injury sites, leads to significantly accelerated healing compared with wounds treated with sense oligodeoxynucleotides (sODN; control) (Qiu et al., 2003; Coutinho et al., 2005) . However, we know very little about the cellular mechanisms underlying this accelerated healing.
Here, we show that acute downregulation of Cx43 protein at the wound site leads to an increase in keratinocyte proliferation and migration, and in the rate at which fibroblasts migrate into Experimental downregulation of connexin43 (Cx43) expression at skin wound sites appears to markedly improve the rate and quality of healing, but the underlying mechanisms are currently unknown. Here, we have compared physiological and cell biological aspects of the repair process with and without Cx43 antisense oligodeoxynucleotide treatment. Treated wounds exhibited accelerated skin healing with significantly increased keratinocyte and fibroblast proliferation and migration. In vitro knockdown of Cx43 in a fibroblast wound-healing model also resulted in significantly faster healing, associated with increased mRNA for TGF-␤1, and collagen ␣1 and general collagen content at the wound site. Treated wounds showed enhanced formation of granulation tissue and maturation with more rapid angiogenesis, the wound and lay down collagen matrix. We observed a decrease in neutrophil infiltration and a concomitant reduction in CC chemokine ligand 2 (Ccl2) and cytokine tumor necrosis factor ␣ (TNF-␣) mRNA. Subsequently, we saw a reduced recruitment of macrophages perhaps as a consequence of damping down of the initial inflammatory response, which is known to have downstream effects on the ensuing healing process. Together these modified responses resulted in significantly improved wound healing.
Results
Downregulation of Cx43 at wound sites with Cx43-asODN As previously reported, Cx43 was found to be predominantly expressed in the lower and middle spinous cell layers of the epidermis and in fibroblasts, blood vessels and dermal appendages of intact skin. Six hours after the injury Cx43 was expressed in hyperproliferative epidermis but began to be downregulated in the leading edge keratinocytes (Goliger and Paul, 1995; Coutinho et al., 2003) . Delivery of Cx43-asODN from the time of injury markedly reduced protein levels of Cx43 in the epidermis and dermis within 2 hours of treatment (as revealed by immunohistochemistry) (Qiu et al., 2003) . Such a rapid knockdown is possible because Cx43 protein is turned over rapidly, sometimes within 1.5-2 hours (Laird et al., 1991; Gaitta et al., 2002) . To quantify the extent of Cx43 protein and mRNA knockdown and recovery after asODN treatment more precisely, we compared expression levels of Cx43 mRNA at treated and untreated wound sites by real-time PCR (RT-PCR; Fig. 1 ). One day after injury, expression of Cx43 mRNA at Cx43-asODN-treated wounds was significantly reduced by comparison with control sODN-treated wounds (2.95 versus 4.7 units, respectively, a 37% reduction; P<0.05). By 7 days after the injury, however, expression levels were similar in the two wound regimes (4.6 versus 5.2 units for asODN-and control sODN-treated, respectively). Immunostaining of wounds for Cx43 at 1 day, 2 days and 7 days after wounding revealed very low levels of Cx43 protein in the epidermis and dermis of the Cx43-asODN-treated wound edge at day 1 compared with controls ( Fig. 1) . By day 2, some Cx43 staining had returned to the dermis of the Cx43-asODN-treated wound but the level was still very low in the epidermis. By day 7, in agreement with the RT-PCR findings, there was no obvious difference in Cx43 staining between treated and untreated wounds. These results confirm that Cx43-asODN, when delivered by Pluronic gel, does indeed inhibit the expression of Cx43 mRNA at early time points after wounding.
Accelerated closure and increased proliferation in Cx43-asODN-treated wounds All wounds were photographed macroscopically under the same conditions and their areas measured digitally. As we have reported previously (Qiu et al., 2003) Cx43-asODN-treated wounds were significantly smaller, drier and less inflamed, and closed faster than control wounds at days 1 and 2 (data not shown). By day 7, scabs covered the wounds and made it impossible to give accurate measurements of wound closure. Re-epithelialization from the wound edge commenced soon after injury in order to cover the denuded site. Cx43-asODN treatment of both excisional and incisional wounds results in wounds that re-epithelialise more rapidly than control ODN Journal of Cell Science 119 (24) treated wounds (Qiu et al., 2003) . We therefore examined whether this is partially due to enhanced proliferation of keratinocytes and fibroblasts in the healing skin of Cx43-asODN-treated wounds (Fig. 2) . Whereas there was little difference in keratinocyte proliferation between control and treated groups in the epidermal wound margin (Fig. 2E) , we showed that, indeed, there are significantly increased numbers (Fig. 2F) . Similarly, counts of BrdU-positive cells in the dermal wound margin revealed slightly more cells following asODN-treatment and significantly more in the granulation tissue at days 1 and 2 (Fig.  2G,H) . These results are consistent with our gross microscopic observations, and suggest that acute downregulation of Cx43 at wound sites leads to a surge of proliferation of wound-edge keratinocytes that continues as they re-epithelialize the wound. This enhanced proliferation might contribute to the accelerated re-epithelialization and enhanced granulation tissue maturation in asODNtreated wounds.
Reduced influx of inflammatory cells in Cx43-asODN-treated wounds Several leukocyte lineages infiltrate the wound site with varying time courses during the inflammatory response to tissue damage. The two primary cell lineages are neutrophils and macrophages, and both of these can exert profound effects on various aspects of the repair process. We have previously evaluated neutrophil influx in Cx43-asODN-treated wounds and here we confirm with an antimyeloperoxidase (MPO) antibody that their numbers are significantly reduced on days 1 and 2, at a stage when neutrophil numbers are peaking in sODN-treated control wounds (Fig. 3) . There is now clear evidence that the macrophage influx at a wound site may be linked to the rate of re-epithelialization and to the eventual extent of scarring at the wound site, so we have investigated macrophage numbers immunohistochemically by using F4/80 antibody against the marker of macrophage maturation and activation BM8 (Fig. 4) . We found that the number of macrophages at Cx43-asODN-treated wound sites was significantly reduced at days 2 and 7 after the injury compared with control sODN-treated wounds, this being a reduction of 33% on day 2 and 32% on day 7 (Fig. 4C) . These data clearly indicate that acute knockdown of Cx43 at the time of wounding leads to a dramatic subsequent reduction in both the early neutrophil and later, macrophage, inflammatory phases.
Reduced expression of Ccl2 and TNF-␣ in Cx43-asODN-treated wounds Neutrophils and macrophages at the wound site release a large variety of proinflammatory cytokines and chemokines that act directly on cells in that site (keratinocytes, fibroblasts and endothelial cells) and amplify the wound inflammatory response. To examine how the reduced influx of inflammatory cells, after Cx43 knockdown, influences the level of these signals, we analyzed Ccl2 and TNF-␣ as a representative chemokine and cytokine, respectively. To quantify expression levels of Ccl2 and TNF-␣ we performed RT-PCR analysis on wound tissue on days 1, 2 and 7 (Fig. 5) . Both mRNAs were robustly upregulated in control sODN-treated wound sites on day 1, and both peaked in expression levels at day 2, after which their levels decreased. By comparison, expression levels of Ccl2 and TNF-␣ in Cx43-asODN-treated wounds were significantly reduced (P<0.05) on day 2 (Ccl2) and 7 (TNF-␣). These results indicate that reduced recruitment of neutrophils and macrophages in Cx43-asODN-treated wounds was indeed accompanied by diminished expression of these signaling molecules without compensation by other cell types.
Increased TGF-␤1 expression at Cx43-asODN-treated wound sites The wound-associated growth factor TGF-␤1 plays a wide variety of roles at many stages of the wound-healing process. Therefore, we analyzed the expression levels of TGF-␤1 at control sODN-and Cx43-asODN-treated wound sites with RT-PCR at 1 day, 2 days and 7 days after wounding (Fig. 6 ). TGF-␤1 was at low levels on days 1 and 7 with no difference between control and treated wounds. However, on day 2 after the injury, the expression of TGF-␤1 in asODN-treated wounds was significantly increased compared with control sODNtreated wounds (P<0.05). Immunostaining for TGF-␤1 at day 2 revealed TGF-␤1-positive cells in the dermis both at the wound site and in the adjacent tissues. Most of the cells were round and had the appearance of leucocytes. However, in the Cx43-asODN-treated tissue an additional TGF-␤1-positive cell type could be seen in large numbers at the dermal margins of the wound. These cells appeared to be elongated and more fibroblast-like in their morphology. Interestingly, in the epidermis of Cx43-asODNs-treated wounds TGF-␤1 appeared to stain much more strongly than in control-wound epidermis (Fig. 6 ). These results raise the possibility that increased expression of TGF-␤1 might contribute to some of the changes we see in wound healing following Cx43-asODN treatment.
Granulation tissue formation and maturation
Connective-tissue wound contraction is a key component of the skin repair process. This step is closely associated with migration of fibroblasts into the wound bed and their differentiation into contractile myofibroblasts followed by their loss (Martin, 1997) . Using Rhodamine-phalloidin combined with DAPI nuclear counter stain, we found a significant increase (mean of 39.4 in control and 99.2 in asODN-treated wounds; P<0.01) in the number of elongated fibroblast-like cells at the margin of 2-day-old Cx43-asODN-treated wounds compared with control wounds ( Fig. 7A and B). These data suggest that the influx of fibroblasts to form wound granulation tissue is enhanced in wounds when Cx43 protein has been reduced. This may be due to both enhanced migration and the significantly greater cell proliferation that we see in the granulation tissue of asODN-treated wounds.
To investigate whether the enhanced rate of fibroblast migration was due to a reduction in Cx43 protein expression we used a fibroblast wound-healing assay. We knocked down Cx43 protein by applying Cx43-asODNs to confluent cultures of fibroblasts 2 hours prior to a scrape-wound assay. Because Cx43 protein is rapidly turned over (with a half life as short as 1.5-2 hours) this is sufficient to produce a significant knockdown of the protein within 2 hours (Fig. 7H,I ), which can last between 8 and 48 hours depending on the cell type (Qiu et al., 2003; Pearson et al., 2005; Cronin et al., 2006) . Fibroblast cultures that were treated with the Cx43-asODNs exhibited a significantly enhanced rate of wound closure compared with controls ( Fig. 7F ; P=0.02), which is entirely consistent with our in vivo findings. This strongly suggests that knockdown of Cx43 protein enhances the rate of migration of fibroblasts both in vitro and in vivo, and thereby promotes the rate of granulation tissue formation.
To investigate whether faster infiltration of fibroblasts leads to more rapid granulation tissue formation and alters the rate at which new collagen matrix is laid down, we measured the hydroxyproline (HP) content at the wound site. We found that HP content was significantly increased by day 7 in Cx43-Journal of Cell Science 119 (24) 2 on days 2 and 7 after treatment with control sODN (white bars: n=4 on day 2, n=7 on day 7) and Cx43-asODN (black bars: n=4 on day 2, n=6 on day 7). Data are expressed as the mean ± s.e.m.; **P<0.01. Bars, 50 m. Cx43 in the wound healing response asODN-treated wounds when compared with control sODNtreated wounds (P<0.05), but thereafter HP content was similar in control and asODN-treated wounds (Fig. 8A ). In accordance with this finding, the expression of mRNA for collagen type 1 ␣1 (Col1␣1) was also significantly increased on day 2 and day 7 in Cx43-asODN-treated wounds compared with controltreated wounds ( Fig. 8B; P<0.05) .
When measuring granulation tissue areas, we found that treated tissue was slightly smaller than untreated tissue at day 5, but this difference was not significant. However, we found that on days 7, 10 and 14 after wounding Cx43-asODN-treated wounds exhibit significantly smaller areas of granulation tissue than control sODN-treated wounds ( Fig. 9 ; *P<0.05, **P<0.01). To investigate how the more rapid contraction of the granulation tissue was brought about we stained sections by using a TUNEL labeling kit to look for apoptotic cell death, or with antibody against ␣ smooth muscle actin (␣-SMA), a marker of myofibroblasts. Although there were always slightly fewer apoptotic cells in treated granulation tissue, we found no significant differences in the numbers of TUNEL-positive cells between control and treated animals at 5, 7 and 10 days after wounding (Fig. 10) . However, we observed a highly significant difference in the expression of ␣-SMA staining between the two groups at all of these time points (Fig. 11) . At day 5, staining for ␣-SMA could be detected at the edges of the granulation tissue of Cx43-asODN-treated wounds but no staining was seen in control wounds. By day 7, staining for ␣-SMA could be detected at the edges of the granulation tissue of control wounds and throughout the granulation tissue of Cx43-asODN-treated wounds (Fig. 11A,B) . Quantification of the staining at the edges of the granulation tissue revealed that it was significantly higher in Cx43-asODN-treated wounds ( Fig. 11E ; P=0.004). At 10 days after wounding most of the staining for ␣-SMA had gone from the edges of the granulation tissue of Cx43-asODN-treated wounds -with just a little remaining in the center of the wound. This was significantly different from control wounds, which showed strong ␣-SMA expression throughout the granulation tissue ( Fig. 11C,D; P=0.000002). These findings imply that differentiation of fibroblasts into myofibroblasts occurs earlier in Cx43-asODNtreated wounds, and that these cells go on to contract the wound and are lost much faster than in control wounds. It would appear that Cx43-asODN-treated wounds are 2-3 days more advanced than controls in the maturation of their granulation tissue.
Angiogenesis
Besides the influx of fibroblasts, the other major cellular components of wound granulation tissue are the endothelial cells of new blood vessels. We therefore performed immunohistochemical staining using antibodies against CD31 and von Willebrand factor or FITC-labeled isolectin B in order to evaluate angiogenesis at treated wound sites at 5, 7, 10 and 14 days after wounding (Fig. 12) . At 5 days, no blood vessel staining could be seen in the granulation tissue of control wounds, whereas staining was seen in the edges of the granulation tissue of all Cx43-asODN-treated wounds. At day 7, fine blood vessels were found throughout the entire granulation tissue in five out of six Cx43-asODN-treated wounds, but they had only just started to enter the edges of the granulation tissue of controls. However, whereas the blood vessels of asODN-treated wounds were more pervasive they appeared to be significantly smaller or thinner than those of controls at this time point (Fig. 12B ). This meant that, when blood vessel staining was quantified at 7 and 10 days there was significantly more staining in controls (7 days, P=0.0019; 10 days, P=0.015) where the vessels were bigger. At 14 days, the size of blood vessels and extent of staining were very similar in both treated and control groups (Fig. 12E,F) . These findings suggest that angiogenesis takes place much earlier after Cx43-asODN treatment. Taken with our other findings relating to granulation tissue maturation it would seem that the treatment enhances the rate of wound maturation by 2-3 days.
Discussion
Cx43-asODN treatment rapidly downregulates Cx43 protein in the wound-site epidermis and dermis for at least 24 hours with some return of dermal expression by 48 hours and no obvious differences in Cx43 between groups after 7 days. Treatment leads to markedly accelerated skin wound healing, coincident with reduced leukocyte infiltration, reduced cytokines, increased re-epithelialization and enhanced wound contraction.
Inflammation
The initial response to wounding is typically the formation of a blood clot, which -together with local damaged tissuereleases proinflammatory signals, which trigger inflammatory cell infiltration in the form of neutrophils and then macrophages into the wound site. These signals and those from the invading inflammatory cells influence both reepithelialisation and connective tissue contraction of the wound (Martin, 1997) . The migration of inflammatory cells into the wound is associated with cell-cell and cell-matrix interactions and with vasodilation of blood vessels. Cx43 is expressed in activated leukocytes, and at leukocyte-leukocyte and leukocyte-endothelial-cell contact sites during their extravasation under inflammatory conditions, and functional Cx43 channels are involved in release of cytokines and immunoglobulins (Oviedo-Orta and Evans, 2004) . Numbers of neutrophils and macrophages were significantly reduced in Cx43-asODN-treated wounds, which is in keeping with the requirement for Cx43 expression for neutrophil extravasation and release of proinflammatory cytokines. The chemokine Ccl2 and cytokine TNF-␣, which are chemoattractants for neutrophils and monocytes/macrophages (Rossi and Zlotnik, 2000) , are also both reduced after Cx43-asODN treatment on day 2 and 7, respectively. Clearly, the reduced levels of these and other growth factors and cytokines at the wound site will have been both consequences of, and perhaps partial cause of, the reduced influx of neutrophils and other inflammatory cells.
Several recent reports have shown that a normal inflammatory response is not essential for skin wound healing (Martin and Leibovich, 2005) . PU.1 null mice, which are genetically missing neutrophils and macrophages, repair skin lesions without scarring and at a similar rate to, or faster than, their wild-type siblings . Similarly, decreasing the numbers of neutrophils at wound sites by applying neutrophil antiserum leads to faster reepithelialization (Dovi et al., 2003) . What we cannot decipher from the current study is how much of the increase in epidermal migration and proliferative capacity is independent of the reduced inflammatory response and is, rather, a direct consequence of Cx43 knockdown in the leading-edge keratinocytes and fibroblasts. It is also unclear precisely how Cx43 knockdown leads to reduced leukocyte influx. The target tissue for Cx43-asODN action may be endothelial cells or leukocytes, both of which require Cx43 expression for effective extravasation and a robust inflammatory response (OviedoOrta et al., 2000; Oviedo-Orta et al., 2001) . How Cx43 protein expression in endothelial cells or leukocytes regulates the inflammatory response is the subject of current investigations.
TGF-␤1
In Cx43-asODN-treated wounds mRNA for TGF-␤1 is significantly increased on day 2 compared with controls but is at relatively low levels in both treated and control wounds on day 1 and day 7. Expression of TGF-␤1 is associated with Journal of Cell Science 119 (24) many key events in the wound healing process: it is a potent immunosuppressive (Wahl, 1992) ; it can promote fibroblast migration and proliferation (Postlethwaite et al., 1987) ; enhance wound contraction (Beck et al., 1991; Liu et al., 2001 ); enhance granulation tissue formation through ␣-SMA in myofibroblasts (Desmouliere et al., 1993) , enhance collagen synthesis and deposition (Shah et al., 1994) , stimulate angiogenesis (Roberts et al., 1986) and promote reepithelialization (Chesnoy et al., 2003) . There remains a good deal of confusion associated with the effect TGF-␤1 has when applied directly to the wound, different results being obtained depending on dosage and wounding model (Hebda et al., 1988; Mustoe et al., 1991; Garlick and Taichman, 1994) . However, transgenic mice that overexpress TGF-␤1 show a better quality of wound healing with reduced scar formation (Shah et al., 1999) .
The elevated levels of TGF-␤1 on day 2 appear to be mainly in the elongated fibroblast-like cells at the edge of the wound and in the keratinocytes at the edge of the wound. This ties in well with the previously-described effects of TGF-␤1 on enhanced proliferation and migration (Postlethwaite et al., 1987) , both of which we see in the early stages of tissue repair. Indeed, the TGF-␤1 elevation may be one of the factors that, under these conditions, contribute to the promotion of healing, increasing the rate of proliferation and migration of fibroblasts and enhancing collagen synthesis.
Both, the active downregulation of Cx43 protein as well as TGF-␤1 activate Col1␣1 expression (Cutroneo, 2003; Waggett et al., 2006) . Therefore, the enhanced Col1␣1 expression and collagen deposition could be related to the increased expression of TGF-␤1 at day 2, to the downregulation of Cx43 protein or both. Although TGF-␤1 has been suggested to suppress inflammation, it is unlikely to be the main factor leading to the reduced inflammation we observe, because that is already evident on day 1 -before the TGF-␤1 becomes elevated. Similarly, whereas TGF-␤1 has been shown to promote angiogenesis and granulation-tissue maturation at later stages of the wound-healing process we see no elevation of TGF-␤1 at these later time points; therefore, other factors must promote the enhanced maturation of granulation tissue.
Migration and proliferation
In this study we show enhanced migration of fibroblasts into the wound site and faster re-epithelialisation following Cx43-asODN treatment, indicating that Cx43 plays an important role in modulating cell movement. Contradictory results have been reported on the role of Cx43 in cell migration. Li and colleagues reported that in embryonic development, Cx43-deficient proepicardial cells migrated faster than those expressing Cx43 (Li et al., 2002) . By contrast, the same group previously reported that Cx43-deficient neural crest cells showed decreased rates of migration (Huang et al., 1998) . This latter finding is consistent with slowed rates of migration of retinal neuroepithelial cells that have had communication perturbed or Cx43 expression diminished (Pearson et al., 2005) . These differences in the effects of communication on migration may perhaps reflect the different cell types involved and whether the cells migrate independently or in a communicating group.
Faster re-epithelialization and an enhanced rate of granulation tissue formation could also be attributed to the enhanced proliferation in the asODN-treated group, which we find in nascent epidermis and granulation tissue at both 2 days and 7 days after wounding. As with migration rates, there are mixed reports relating Cx43 expression and proliferation. Cx43-deficient proepicardial cell proliferation is increased, but this is not seen Cx43-deficient cardiac neural crest cells or in the developing neural retina treated with Cx43-asODNs where proliferation is reduced (Huang et al., 1998; Becker and Mobbs, 1999; Li et al., 2002) . We show that, reducing Cx43 expression with asODNs in a fibroblast wound healing assay significantly accelerates their rate of migration. The Cx43 protein downregulation may therefore aid the faster reJournal of Cell Science 119 (24) Fig. 9 . Granulation tissue contraction. (A,B) H and E staining of 14-days-old wound granulation tissue in wounds treated with control sODN (A) and asODN (B). (C) Area of granulation tissue after treatment with control sODN (white bars) or Cx43-asODN (black bars) analyzed on day 5 (control, n=7; asODN, n=6), day 7 (control, n=5; asODN, n=5), day 10 (control, n=5; asODN, n=6), and day 14 (control, n=5; asODN, n=6) . Granulation tissue area measurements at day 5 already showed a slightly smaller area after treatment but the reduction became significant on days 7, 10 and 14 (*P<0.05, **P<0.01). Data are expressed as the mean ± s.e.m. Bars, 1 mm. epithelialization and fibroblast migration into granulation tissue that we see. Alternatively the influence may come from the elevated levels of TGF-␤1 on day 2 in Cx43-asODN-treated wounds, which has been suggested to enhance cell proliferation and increase rates of fibroblast migration, or perhaps a combination of both. -F) von Willebrand factor staining of nacent blood vessels granulation tissue (green) with bis-benzimide nuclear stain (blue) at 7 days (A,B), 10 days (C,D) and 14 days (E,F) after wounding. In Cx43-asODN-treated wounds (B,D,F) blood vessels were more pervasive at early time points (7 days, B; 10 days, D) but considerably finer than those of controls (A,C,E) resulting in significantly reduced staining compared with controls (7 days *P=0.0019; 10 days **P=0.015). By 14 days, blood vessels had increased in size in the asODN group and were a similar size to those of controls (G) . ( 
Angiogenesis
Angiogenesis is another central feature of granulation tissue maturation, involving invasion, expansion and then remodeling. Blood vessels growing into granulation tissue of Cx43-asODNtreated wounds were much finer and more advanced than those of the controls, entering the granulation tissue on day 5 and ramifying throughout the granulation tissue by day 7, when blood vessels were only seen at the edges of control granulation tissue. Interestingly, blood vessels in control wounds were thicker at these early stages and so gave a significantly greater area of staining at both 7 and 10 days. By 14 days the blood vessels in treated wounds had developed to a greater size and appeared to be very similar to controls. Cx43 is known to be involved in coronary vasculogenesis and angiogenesis (Walker et al., 2005) . However, the observation that Cx43 protein levels were similar in control wounds and Cx43-asODN-treated wounds by day 7 after injury suggests that, at this stage, angiogenesis in Cx43-asODN-treated wounds had probably been indirectly influenced by the antisense-mediated changes that we saw at early stages. It is possible that angiogenesis is promoted by the early elevation in TGF-␤1, because this growth factor has been reported to promote angiogenesis (Roberts et al., 1986) ; however, the time frames for this do not match.
In summary, this study analyzes the cell biology downstream of Cx43 protein reduction at wound sites, which strongly influences very early events in wound healing. In particular, it limits the extent of the inflammatory response and advances the onset and rate of re-epithelialization. There is an enhanced rate of granulation tissue formation, maturation and contraction. This approach clearly offers the potential for new therapies for improving wound healing in a variety of clinical situations.
Materials and Methods

Wound model and ODN treatment
Male, 8-week-old ICR mice were used in the experiments. All experiments were carried out at UCL according to UK Home Office regulations. Mice were anesthetized by halothane inhalation. Four full-thickness excisional wounds were made on the shaved back on either side of the dorsal midline with a 6-mm biopsy punch (Kai Industries). To each pair of wounds a single 50-l topical application of 1 M Cx43-asODN (Sigma-Genosys) in 30% Pluronic F-127 gel (SigmaAldrich) chilled on ice was made to one wound, and of 1 M sense control sODNs was made to the other. Cx43-asODN application results in a significant knockdown of Cx43 protein at the site of delivery within 2 hours (Becker et al., 1999; McGonnell et al., 2001; Qiu et al., 2003) . In some series of experiments, wounds and their surrounding area, including the scab and epithelial margins, were harvested with an 8-mm biopsy punch (Kai Industries). A minimum of eight mice were used for each time point examined.
Histology and immunostaining
Wound tissues were fixed in 4% formaldehyde buffered with PBS, and embedded in paraffin. Sections (6 m thick) were stained with hematoxylin-eosin or analyzed immunohistochemically. Measurement of granulation tissue area in hematoxylineosin-stained tissue was performed using Improvision Openlab TM 4.0.2 software (Improvision). For immunohistochemistry, deparaffinized sections were treated with endogenous peroxidase blocking reagent (Dako Cytomation A/S) and proteinase K (Dako Cytomation A/S) for 20 minutes and 6 minutes at room temperature, respectively. They were then incubated with rabbit anti-myeloperoxidase (MPO) polyclonal antibody (NeoMarkers) diluted 1:200, rat anti-mouse F4/80 monoclonal antibody (mAb) against the marker of macrophage maturation and activation BM8 (Abcom Limited) diluted 1:400, rat anti-mouse CD31 (platelet endothelial cell adhesion molecule 1, PECAM-1) mAb (PharMingen) or rabbit anti-mouse TGF-␤1 polyclonal antibody (Santa Cruz Biotechnology, Inc) 1:200 overnight at 4°C after blocking with 15% skimmed milk for 1 hour at room temperature. Some sections were reacted with phalloidin-tetramethylrhodamine B isothiocyanate (SigmaAldrich) diluted 1:500 for 1 hour at room temperature. Sections incubated with anti-MPO antibody and anti TGF-␤1 antibody were stained with EnVision+ TM (Dako Cytomation A/S) to enhance the signal. Sections incubated with anti-F4/80 and anti-CD31 antibodies were stained with biotinylated rabbit anti-rat immunoglobulin (Dako Cytomation A/S), 1:200 for 1 hour at 37°C. The signal was enhanced using the Catalyzed Signal Amplification System ® (Dako Cytomation A/S). Counterstaining was performed with Methyl Green (Dako Cytomation A/S) followed by MPO-, TGF-␤1-, F4/80-or CD31-staining, or with 4Ј,6-diamidino-2-phenylindole (DAPI) followed by phalloidin staining.
Immunostaining for Cx43, blood vessels or ␣ smooth muscle actin (␣SMA) was carried out on cryostat sections fixed in acetone at 4°C for 5 minutes prior to blocking for 45 minutes. Incubation for 1 hour with primary antibodies against: rabbit anti-Cx43 (Sigma) 1:3000; isoLectinB-FITC 1:2000; von Willebrand Factor (anti-rabbit, Dako) 1:400; anti-␣SMA (Sigma) 1:400 at room temperature. Sections were washed and incubated for 1 hour with FITC-conjugated anti-rabbit IgG antibody (Dako) 1:200 at room temperature, followed by three washes for 5 minutes in PBS, in some cases with 1 M bis-benzimide (Sigma) as a nuclear counter-stain, and mounted in Citifluor (Citifluor, London, UK). Sections were imaged by confocal microscopy; all parameters were kept the same to allow direct comparison of digital images.
TUNEL staining
Paraffin sections were de-waxed and treated with proteinase K (Dako Cytomation A/S) for 5 minutes at room temperature, and then stained using the In Situ Cell Death Detection Kit (Roche) according to the manufacturer's instructions. Counterstaining was performed with DAPI. TUNEL-stained sections were imaged and positive cells were counted in the granulation tissue of three random fields at the two sides and the center of each wound (each field was 0.332 mm 2 ).
Detection of proliferating cells by labeling with BrdU
Selected mice were injected intraperitoneally with 1 ml of BrdU (Sigma) in PBS (1 mg/ml) 2 hours before harvesting on days 1, 2 and 7. Tissues were fixed in 4% formaldehyde and embedded in paraffin. Deparaffinized sections (6 m thick) were treated with a HistoMouse 
Measurement of neutrophils, macrophages, fibroblasts, BrdUpositive cells and angiogenesis
A treatment-blinded observer counted MPO-positive neutrophils and F4/80-positive macrophages in the wound bed (defined as the area surrounded by unwounded skin, fascia, regenerated epidermis and eschar) in three random high-power fields of 0.332 mm 2 . BrdU-positive cells in the wound margin and the nascent epidermis regions of each immunohistochemically stained section were counted as described previously, and are given as the number per 100 m of epidermis (Mori et al., 2004) . The number of fibroblast-like cells (phalloidin-positive cells with spindle-shape body) at the wound margin were counted (each field was 0.332 mm 2 ). The neovascularization was followed using von Wildebrand factor fluorescent staining of endothelial cells at days 5, 7, 10 and 14 after wounding. Myofibroblasts were identified by anti-␣SMA staining. For quantification of both fluorescent stains, single-section images from comparable zones from a minimum six animals per time point were taken on a confocal microscope. All parameters of image acquisition were kept the same to allow comparison. Images were made binary at a standard threshold and positive pixels were counted using Image J (NIH Image).
Hydroxyproline analysis
The collagen content of the wound area was assessed by determining the amount of hydroxyproline (HP), a major component of collagen (Woessner, 1961) . Samples were homogenized in 1 ml of T-PER ® tissue protein extraction reagent (PIERCE Biotechnology Inc.) including Halt TM protease inhibitor cocktail, EDTA-free (PIERCE Biotechnology Inc.), centrifuged at 15,000 g for 20 minutes at 4°C to remove the debris. Concentrations of protein were measured using a BCA TM protein assay kit (PIERCE Biotechnology Inc.), and the amounts of HP were determined with Sircol TM soluble collagen assay kit (Biocolor Ltd). The data were expressed as amounts of HP per total protein (ng/g) for each sample.
Cell culture
Swiss 3T3 fibroblasts were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco) supplemented with 10% fetal calf serum (Labtech) and 1% penicillinstreptomycin solution (Sigma, Poole) in a 5% CO 2 incubator at 37°C unless otherwise stated. Cells were passaged and used at passages six to ten at a confluency of approximately 90%. Cells were plated on 13-mm glass coverslips in 24-well dishes (Nunc) with 4ϫ10 5 to 5ϫ10 5 cells per well, containing 1 ml of medium. Cells reached confluency after 72 hours and were then considered ready for experimentation.
Cell migration assay by wounding
Wounding was performed by drawing a microelectrode across a confluent coverslip, producing a lesion of standard width (Lampugani, 1999) . Phase-contrast images were acquired at ϫ5 magnification on a Zeiss inverted microscope with an incubation chamber at 37° and 5% CO 2 . An image of a defined area at the edge of a coverslip was taken immediately after wounding and a further image was taken of the same area 4 hours later, a time at which migration was clearly seen to have taken place (Fig. 7D,E) . A minimum of eight coverslips were imaged in each group.
